Glyphosate-resistant rigid ryegrass has been identified in California, but research has yet to elucidate the resistance mechanism. The objectives of this study were to examine the differences between sensitive and resistant rigid ryegrass in absorption and distribution of glyphosate, in vivo and in vitro absorption by chloroplasts, and shikimic acid accumulation after glyphosate treatment. Foliar absorption and distribution of 14 C-glyphosate did not differ 1 to 3 d after treatment (DAT) between the susceptible (S) and resistant (R) biotypes. Absorption of 14 C-glyphosate by isolated chloroplasts also did not differ between the S and R biotypes. After foliar application of 14 C-glyphosate, chloroplasts were isolated from treated leaves from both biotypes. Accumulation of 14 C-glyphosate in the chloroplasts did not differ between the two biotypes. Shikimic acid level increased significantly in the S biotype after treatment with glyphosate at 2.24 kg ai ha Ϫ1 to levels 10-fold greater than in the R biotype 11 DAT. Shikimic acid in the germination media at 2 to 5 mM did not affect seed germination of S and R biotypes but drastically decreased the length of coleoptiles of both at 5 DAT. Thus, biotype differences in sensitivity or metabolism of shikimic acid do not explain differences in sensitivity to glyphosate.
Glyphosate is the world's most widely used herbicide. It is a foliar nonselective herbicide and has no activity in the soil (Ahrens 1994; Baird et al. 1971) . It can be used preplant to control emerged weeds in a no-tillage planting system or postemergence by spot and direct application to control an extensive range of weeds (Ahrens 1994) , as well as to control weeds in glyphosate-resistant crops (Padgette et al. 1996) .
Glyphosate in susceptible plant species inhibits biosynthesis of the aromatic amino acids tryptophan, tyrosine, and phenylalanine (Siehl 1997) . In the shikimate pathway, glyphosate competes with substrate phosphoenolpyruvate (PEP) for the binding site of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS; E.C. 2. 5.1.19) . Glyphosate is the only herbicide reported to inhibit EPSPS (Steinrucken and Amrhein 1980) . Metabolism of glyphosate in higher plants is very limited and not well understood. Glyphosate is not readily metabolized if applied at phytotoxic rates (Sandberg et al. 1980) . Coupland (1985) reported that glyphosate metabolism to aminomethyl phosphonic acid (AMPA) is slow.
Since being introduced almost 30 yr ago, glyphosate has been intensively used for controlling weeds, at times without rotation with other methods. This condition may lead to the selection of resistant weed species (Bradshaw et al. 1997; Dyer 1994; Kishore et al. 1992) . Glyphosate resistance has been reported in rigid ryegrass in Australia (Powles et al. 1997 (Powles et al. , 1998 Pratley et al. 1999) and California (Simarmata et al. 2001) , in goosegrass (Eleusine indica) in Malaysia (Lee and Ngim 2000; Tran et al. 1999) , and in horseweed [Conyza canadensis (L.) Cronq.] (VanGessel 2002). Tran et al. (1999) reported that the mechanism of glyphosate resistance in Malaysian goosegrass populations is target site based. They showed that EPSPS was not inhibited by glyphosate in the R biotype. However, the basis of glyphosate resistance in rigid ryegrass from Australia is not clearly understood. Uptake, translocation, and metabolism were not different between the resistant (R) and susceptible (S) biotypes (Feng et al. 1999; Lorraine-Colwill et al. 1999) . The sensitivity of 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHPS; E.C.4.1.2.15) and EPSPS within the plastid cell was also similar for the R and S biotypes. Lorraine-Colwill et al. (1999) proposed that possible differences in glyphosate transport into or accumulation of glyphosate in the chloroplast might explain the differential basis of sensitivity. Lorraine-Colwill et al. (1999) reported that shikimic acid accumulated in leaf tissue of glyphosate-susceptible biotype after glyphosate application. Shikimic acid accumulation has been identified in glyphosate-susceptible corn (Singh and Shaner 1998) as well as glyphosate-sensitive cotton (Pline et al. 2002) . Singh and Shaner (1998) stated that shikimic acid accumulation may be used as a method to determine whether a plant species is resistant to glyphosate. It may be important as a means of quickly identifying and characterizing glyphosate-resistant weed biotypes to avoid their spread and to facilitate their effective management. Harring et al. (1998) stated that this assay was also useful to evaluate the efficacy of different glyphosate formulations.
The objectives of this research were to determine the role of absorption, translocation, and metabolism of 14 C-glyphosate in glyphosate-resistant rigid ryegrass from California, to study the movement of 14 C-glyphosate into the chloroplast, to investigate shikimic acid accumulation in response to glyphosate and AMPA, and to test for differential phytotoxicity of shikimic acid to rigid ryegrass biotypes.
Materials and Methods

Plant Materials
Rigid ryegrass was collected from ''Borba Farm,'' Chico, CA, in 1998. The site of collection was an almond orchard intensively treated with glyphosate since 1984. The rates of glyphosate had increased from 1.12 to 2.24 kg ai ha Ϫ1 from 1984 to 1997, with four to five applications per year. The collected plants were grown and seeds produced in a greenhouse. The R, intermediate, and S biotypes were selected in the first generation using 1.12-, 2.24-, and 3.36-kg ai ha Ϫ1 rates of glyphosate. Further selection was continued with a high glyphosate rate (8.96 kg ai ha Ϫ1 ) to select for the resistant and with a low rate (0.28 kg ai ha Ϫ1 ) to select for the susceptible individuals. The R and S biotypes used in these studies were generated from the fifth and fourth cycles, respectively.
Absorption and Translocation
S and R biotypes of rigid ryegrasses were grown individually in 950-ml pots containing commercial soil mix and maintained in a greenhouse under supplemental sodium vapor light to provide 1,000 mol m Ϫ2 s Ϫ1 at midday to give a 16-h day-8-h night. At the fully vegetatively mature stage before seedhead formation, plants were thinned to one tiller in each pot. For the preliminary experiment, two fully mature leaves of each plant were treated with three 2-l drops of glyphosate 1 solution applied to the upper leaf surface. This corresponded to a field rate of 1.12 kg ai ha Ϫ1 glyphosate at a volume of 187 L ha Ϫ1 and pressure of 172.5 kPa. One week after treatment, the S biotype was dead, but no injury was observed on the R biotype.
The experiment was continued using methyl-labeled 14 Cglyphosate. 2 Three 2-l drops of 14 C-glyphosate solution (specific activity of 370 Bq l Ϫ1 ) were placed on each of two fully mature leaves. The solution contained 14 C-glyphosate, isopropylamine, and water plus 1% (v/v) nonionic surfactant (NIS). 3 The treated plants were placed and maintained in the greenhouse at air temperatures of 25 Ϯ 2 C and 15 Ϯ 2 C for 18-and 6-h periods, day and night, respectively, with supplemental light as described previously.
At 1, 2, and 3 d after treatment (DAT), the treated leaves were cut and rinsed vigorously with distilled water plus 1% (v/v) NIS. Rinse solutions were analyzed for 14 C-glyphosate activity by liquid scintillation spectrometry. 4 Absorption was calculated from the total applied minus the activity removed in the rinse solution and the data presented as percentage of applied. Recovery was 85% of applied.
Treated leaves, shoots with untreated leaves, and roots were harvested separately, oven dried, and combusted with a biological oxidizer. 5 The 14 CO 2 evolved was trapped in the cocktail solution, and radioactivity was quantified by liquid scintillation spectrometry. Data for translocation are presented as percentage of applied.
Glyphosate Movement into Chloroplast In Vivo
Fully mature plants were sprayed with glyphosate at 1.12 kg ai ha Ϫ1 before application of 14 C-glyphosate. Radioactive solutions were applied with spot and dip treatments. Two centimeters of leaf tips were dipped into 1-ml microtubes containing 14 C-glyphosate, and one 0.5-l drop of 14 C-glyphosate solution (specific activity, 370 Bq l Ϫ1 ) was applied on each fully mature leaf. The solution applied in the spots contained 14 C-glyphosate, isopropylamine, water, and 1% (v/v) NIS, which corresponded to a field rate of 1.12 kg ai ha Ϫ1 . Two days after treatment, the treated leaves were harvested, macerated, and homogenized in extraction buffer (1:2, wt/v). The procedures for chloroplast extraction were modified from Moreland (1986) to maximize integrity of the chloroplasts as observed using a confocal microscope. Extraction buffer contained 0.04 M sucrose, 0.05 M tricine NaOH (pH 8), 0.01 M NaCl, and 0.02 M sodium ascorbate. Homogenized extract was strained through four layers of cheesecloth into cold centrifuge tubes. The extract was centrifuged at 0 C at 500 ϫ g for 1.5 min, and the supernatant was transferred to new tubes and further centrifuged at 1,000 ϫ g for 5 min. The supernatant was discarded and the pellet resuspended with a modified buffer (extraction buffer minus sodium ascorbate) and centrifuged at 1,000 ϫ g for 5 min. The supernatant was discarded, and the chloroplast pellets were oven dried, weighed, combusted with the oxidizer, and quantified by liquid scintillation spectrometry. Data are presented as disintegrations per minute (dpm) per milligram dry weight of chloroplast.
Glyphosate Movement to Chloroplast In Vitro
Chloroplasts were extracted from 50 g of leaf tissue from mature plants of S and R biotypes as described previously. The chloroplast pellet was diluted with the extraction buffer without ascorbate to 6 ml and divided among six microtubes. Ten microliters of 14 C glyphosate solution (specific activity, 7,400 Bq l Ϫ1 ) was added into each tube. The solution contained 14 C glyphosate isopropylamine (0.06 mM glyphosate), buffer, and 1% NIS. At 4 and 24 h after treatment, microtubes were centrifuged at 5,000 ϫ g to concentrate the chloroplasts, and the supernatant was carefully discarded from the tubes. Pellets of chloroplasts were oven dried, weighed, combusted with a biological oxidizer, and quantified by liquid scintillation spectrometry. Data are presented as dpm per milligram dry weight of chloroplast.
Shikimic Acid Assay
Glyphosate at 2.24 kg ai ha Ϫ1 and AMPA at 4.48 and 11.20 kg ha Ϫ1 plus 1% (wt/v) diammonium sulfate were sprayed on mature S and R biotypes of rigid ryegrass. Plant leaves were harvested for shikimic acid assay at 0, 4, 7, and 11 DAT. The procedures for shikimic acid extraction were modified from Singh and Shaner (1998) , and shikamate content was quantified spectrophotometrically according to the methods of Gaitonde and Gordon (1957) .
Leaf tissues were chopped, ground in liquid nitrogen using mortar and pestle, and then further ground in 0.25 N HCl (1:2, wt/v). The extracts were centrifuged at 25,000 ϫ g for 15 min. The supernatant was collected and used for shikimic acid assay. An aliquot of supernatant was mixed with 1 ml of 1% solution of periodic acid. After a 3-h oxidation by periodic acid, the sample was mixed with 1 ml of 1 N NaOH and 0.6 ml of 0.1 M glycine. The solution was mixed thoroughly, and optical density (OD) was measured spectrophotometrically immediately at 380 nm. 6 The amount of shikimic acid was calculated based on a standard curve and presented on a fresh weight basis.
Bioassay of Shikimic Acid
The effect of shikimic acid on seed germination of S and R biotypes of rigid ryegrass was tested. Ten seeds of each biotype were placed in 90-mm polystyrene petri dishes on two layers of 80-mm filter paper. Filter papers were moistened with 10 ml of shikimate solutions of 0, 0.25, 0.5, 0.75, 1.0, 2, 3, 4, and 5 mM. The dishes were covered and placed in a seed germinator under controlled conditions for 16 and 8 h (light and dark, respectively), with air temperatures of 22 Ϯ 1 C and 15 Ϯ 1 C, respectively. Seed germination and the length of coleoptiles were measured at 5 DAT.
Statistical Analyses
All experiments in all studies were duplicated, and data presented are means of two experiments with three replications in each. Experiments were conducted in completely randomized design (CRD). After analysis of variance the means were compared by least significant difference at P ϭ 0.05.
Results and Discussion
Absorption and Translocation of 14 C-glyphosate in Rigid Ryegrass
Absorption and translocation of glyphosate tended to increase over time, but there was no significant difference between S and R biotypes (Figure 1 ). The amounts of 14 Cglyphosate absorbed by S and R biotypes at 3 DAT were 62 and 54.6% of applied, respectively. Most of the 14 Cglyphosate remained in the treated leaf, and only a small percentage translocated to the shoot and root of the S and R biotypes. The amount of 14 C-glyphosate translocated to the roots of the S biotype was slightly greater than for the R biotype, but these differences did not correspond to the level of sensitivity or resistance to glyphosate (Figure 1) . The results obtained with glyphosate-resistant rigid ryegrass from California are similar to what was reported for the resistant rigid ryegrass from Australia (Feng et al. 1999; LorraineColwill et al. 1999) .
Previous reports found no difference in glyphosate metabolism in S and R biotypes of rigid ryegrass from Australia (Feng et al. 1999; Lorraine-Colwill et al. 1999 ). On preliminary test, AMPA caused slight to high injury to the S biotype at rates of 6.72 to 11.20 kg ha Ϫ1 , indicating AMPA penetration into the leaves, but the R biotype was not affected by AMPA treatment. The basis for resistance to AMPA may be similiar to the basis for resistance to glyphosate in the R biotype. AMPA is a potential metabolite of glyphosate (Coupland 1985; Sandberg et al. 1980 ), but because AMPA showed herbicidal activity, metabolism of glyphosate to AMPA does not appear to be the basis for glyphosate resistance in rigid ryegrass.
In Vitro and In Vivo Movement of 14 C-glyphosate into Chloroplasts
Movement of glyphosate into in vitro and in vivo chloroplasts was not significantly different for S and R biotypes (Tables 1 and 2 ). After 4 h of glyphosate exposure, the glyphosate concentration was slightly higher in the R than in the S biotypes (1,528 and 1,160 dpm mg Ϫ1 of chloroplast), but there was no significant difference after 24 h (1,478 and 1,352 dpm mg Ϫ1 of chloroplast). The same results were also observed in the in vivo chloroplast study. There was no significant difference in the movement of 14 C-glyphosate into chloroplasts of S and R biotypes with either dip or spot treatments. But between the two application methods, more glyphosate was absorbed with the spot treatment than with the dip treatment ( Table 2) .
EPSPS is encoded in the nucleus but is located in the chloroplast (Siehl 1997) . Lorraine-Colwill et al. (1998) proposed that the possible differences in the movement of glyphosate into the chloroplast or the differences in glyphosate absorption by the chloroplast between R and S biotypes of rigid ryegrass formed a potential basis for the resistance. But the data (Tables 1 and 2 ) in this study do not support that hypothesis because no significant differences in glyphosate translocation into chloroplasts of S and R biotypes were observed.
Shikimic Acid Assay and Bioassay on Seed Germination of Rigid Ryegrass
Measurement of the accumulation of shikimic acid is a quick method to identify glyphosate resistance in plants (Singh and Shaner 1998) . After glyphosate application, shikimic acid increased over time in the S biotype, but no significant increase was observed in the R biotype ( Figure  2) . A 10-fold increase in shikimic acid was observed in the S biotype compared with the R biotype at 11 DAT after application of 2.24 kg ai ha Ϫ1 glyphosate. Treatment with AMPA at 4.48 and 11.20 kg ha Ϫ1 caused slight and severe injury, respectively, to the S biotype of rigid ryegrass ( Figure 3 ). However, shikimic acid levels increased only about twofold in S compared with the R biotype. No differences were observed in shikimic acid levels among AMPA rates within a biotype, and there also was no significant accumulation over time.
It was hypothesized that shikimic acid accumulation after glyphosate application to the plants caused injury to the S biotype. Seed germination of the S biotype was inhibited by shikimic acid at 2 to 5 mM, but no inhibition of germination was found for the R biotype. Shikimic acid at 2 to 5 mM drastically decreased the length of coleoptiles for both S and R biotypes at 5 DAT (Table 3) .
In summary, differences in glyphosate absorption, translocation including movement into the chloroplast, or sensitivity to AMPA or shikimic acid could not explain the basis of resistance of the R biotype of rigid ryegrass from California to glyphosate. The conclusion from the sum of the data presented is that the R biotype has an EPSP synthase insensitive to glyphosate.
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